Simultaneous extracellular and intracellular recordings of normal action potentials, action potentials initiated at a time when the membrane was partially depolarized (by premature beats or elevated extracellular potassium), and action potentials at reduced temperature were made for Purkinje strands from the left ventricle of the dog with a 50fi tungsten extracellular electrode and a special guarded intracellular microelectrode. The peak-to-peak amplitude of the extracellular wave form was proportional to the maximum rate of rise of the intracellular action potential, and the duration of the extracellular wave form was proportional to the duration of the upstroke of the intracellular potential. Wave forms of extracellular potentials were computed from the recorded intracellular potentials with an equation which included the effects of membrane currents away from the point of observation. The computed wave forms accurately reproduced the recorded extracellular wave forms in all cases, and the wave forms were not directly proportional to the second spatial derivative or the second temporal derivative of the intracellular potential. Extracellular potentials are shown to be directly related to the spatial distribution of the intracellular potential and as such are a sensitive index of propagation and a source of information of the kind previously thought to be obtainable only with an intracellular electrode.
or repetitive firing? A necessary condition for reentry is slow propagation (1), whereas repetitive firing does not demand this. The hallmark of each mechanism is its unique excitation sequence. To identify such sequences requires a detailed knowledge of the spatial distribution of membrane activity, information which has come to be considered obtainable only from intracellular recordings. With the intracellular method, however, it is not feasible to record simultaneously from a sufficiently large number of sites because of 506 SPACH, BARR, SERWER, KOOTSEY, JOHNSON tissue movement, cell damage, and inaccessibility. Extracellular potentials, on the other hand, contain all the information that is required to study propagation. Indeed, an extracellular recording not only reflects more dramatically changes in propagation (2) but contains information that can be obtained only from the correlation of multiple intracellular recordings.
Experimental comparisons of intracellular and extracellular potentials have primarily involved nerve (3) (4) (5) or skeletal muscle (3, 6, 7) . Although in cardiac muscle a relation between the two potentials has been recognized (8, 9) no analysis exists. The findings in nerve and skeletal muscle are not directly applicable to cardiac muscle because of the marked differences in the time course of depolarization and repolarization in cardiac muscle. In the heart, extracellular potentials have been used principally to time the sequence of activation (10) (11) (12) (13) ; other information that these potentials might contain has been largely neglected.
In this paper, we first examined the theoretical relation that would be expected between the intracellular and extracellular potentials. We found that though related to the second spatial derivative of the intracellular potential the extracellular potential was not directly proportional to it. This lack of proportionality can be quite marked and, under some circumstances, can be deceptively small. Finally, by recording simultaneously and at the same site the potentials inside and just outside a cell, we verified the predictions of this theory for a variety of depolarization shapes.
THEORETICAL CONSIDERATIONS AND EXPERIMENTAL DESIGN
The general theoretical problem is to find a mathematical expression which allows us to compute the extracellular potential at any given point in space from a knowledge of the potential in intracellular space. A general solution would include the details of tissue geometry, how each region changes in intracellular potential, and how regional changes in intracellular potential relate to each other in time. This general problem is, at present, completely intractable, and two kinds of approximations have been made to determine extracellular potentials. One approach is to neglect the details of depolarization and say that it approximates a step change in membrane potential, an approximation which is reasonable when the wavelength or spatial extent of the transition in potential is small in comparison with the distance to the recording point. If this is not the case and the recording point is close, then the transition must be described more precisely, either in terms of the membrane potential or the associated membrane current.
In principle, if one knew the source density distribution of current over a closed membrane surface in a volume conductor, one could compute the extracellular potential anywhere in the conductor (14, 15) . In practice, the membrane current-density distribution cannot be measured directly, but must be inferred from other measurements. For a long cylindrical cell with internal voltage gradients only in the longitudinal direction, the membrane current-density distribution is directly proportional to the second spatial derivative of the intracellular potential (16) . With the further assumption that action potentials propagate along the cell at a constant velocity, the second spatial derivative becomes proportional to the second temporal derivative of potential. Thus, from the wave form of the depolarization phase of an intracellular action potential and the velocity of propagation, it is possible to obtain the membrane current-density distribution and, in turn, to compute the resulting extracellular potentials just outside the cell.
If a preparation is chosen to satisfy the above assumptions, namely if it behaves electrically like a long cylindrical cell, then the extracellular potential computed from the recorded intracellular potential can be compared with that recorded experimentally. Some strands of the Purkinje network look like a long cylindrical cell but only a very few can be shown to act like one. The extracellular 507 field about a strand not only can be complicated by that of the neighboring Purkinje network, but individual strands frequently behave like two or more branching and joining cylindrical cells in which the action potentials collide and merge and the associated extracellular fields interact in a complex fashion. If the potential in extracellular space along a strand can be shown to have a single, constant biphasic wave form then one can be reasonably confident that interfering complexities introduced by such electrophysiological irregularities are avoided.
The most convincing test of the theory would be to show that at a given site the recorded extracellular wave form was correctly predicted for a variety of intracellular wave forms. Reversible changes in the wave form of depolarization can be produced by reducing the resting potential (e.g., by increasing the extracellular concentration of K + ) , lowering the temperature, and initiating an action potential in the refractory period of another. The subsequent sections describe the experimental procedure and its results, the rationale, and the design principles which were based on these theoretical and practical considerations.
Methods

THE PREPARATION
Hearts from 30 dogs were studied. Dogs weighing 15-20 kg were anesthetized with pentobarbital sodium (30 mg/kg, iv), and the heart was rapidly removed, washed, and placed in a large tissue bath. The atria and right ventricular free wall were removed, and the left ventricle was opened by an incision from the aortic valve to the apex through the free wall between the anterior and posterior papillary muscles. The left ventricle was pinned to the floor of the bath, thereby exposing the entire endocardial surface with the left bundle branch system intact. The main left bundle branch was stimulated where it emerged beneath the aortic valve. The free-running Purkinje strands moved too much to permit intracellular measurements without artifact, but those strands attached to the septal surface did not.
The millimolar composition of the perfusate was NaCl 128, KC1 4.69, MgSO 4 1.18, NaH 2 PO 4 0.41, NaHCO 3 20.1, CaCl 2 2.23, and dextrose 11.1. The composition of the high-potassium solution was identical to the regular perfusing Circulation Research, Vol. XXX, May 1972 solution except that the KC1 concentration was increased to 25 mM. The solutions were in equilibrium with 95% O r 5% CO 2 and flowed across the preparation from three separate inputs to prevent stagnant pockets from forming between trabeculae (17) . The fluid level was 6-10 mm above the ventricular surface. Heating units which surrounded the bath maintained the temperature constant at 36°C.
The extracellular and intracellular electrodes, amplifiers, and calibration procedure have been described in detail previously (2, 17) . The extracellular electrodes were made of flexible tungsten wire 50ju. in diameter and insulated except at the tip. The resistance between the exploring and reference electrodes was between 30 and 80 kohms. Each exploring electrode was connected via a grounded, shielded cable to one input of an a-c coupled differential amplifier; a common reference electrode for the other input of the amplifier was in the bath 3 inches from the recording electrode.
For intracellular recording, the capacitance between the microelectrode and the bathing solution was large because of the depth (6-10 mm) of fluid through which the electrode passed. This large input shunt capacitance, if ignored, would have seriously interfered with the accurate recording of the fast components of the transmembrane potential. However, such deleterious effects were successfully eliminated by a system which neutralized the input capacitance without adjustment (2) . The essential components of the system were guarded glass microelectrodes and a specially designed buffer amplifier which drove the microelectrode guard (18) . The calibration procedure simulated the recording conditions by including the effect of the capacitance between the fluid and the microelectrode (2) . For all experiments, the overall system rise time (10-90%) for both the intracellular and extracellular recording systems was measured to be less than 20 fisec.
The extracellular and intracellular potentials were displayed on a Tektronix 565 oscilloscope with 3A3 dual-trace differential amplifiers, and they were photographed with a Grass camera. The first derivative of the intracellular action potential was also recorded with the two potentials. The differentiator was found to be linear over the range of 5 to 2000 v/sec equivalent input voltage.
We had difficulty finding Purkinje strands that did not have multiple deflections in the wave forms of their extracellular potentials. The strand finally selected for study satisfied the following criteria: (1) numerous measurements up and down the strand always produced wave forms with a single biphasic deflection (even with the interventions described below which were designed to alter depolarization), and (2) the delay between the stimulus and the recorded wave form increased monotonically from one end of the strand to the other. We call these "functionally single strands." The recorded resting potential was always more negative than -85 mv and the maximum rate of rise (Vmax) was greater than 450 v/sec. The conduction velocity of intracellular action potentials was measured from extracellular recordings made with two extracellular electrodes, one on each side of the microelectrode. The duration of the extracellular wave form was measured between points at 10% of the peak amplitude, and the duration of the upstroke of the intracellular potential was measured from its derivative in a similar manner.
When the extracellular electrode was used alone, it was quite stable in position. Any relative movement between electrode and tissue occurred only when the tungsten electrode was used in conjunction with the microelectrode, in which case the microelectrode occasionally bumped the tungsten electrode or indented and displaced the tissue from it. The position of the tip of the tungsten electrode relative to the intracellular microelectrode was recorded by frequent photographs made with a Nikon F250 35-mm camera through a dissecting microscope (effective resolution better than 5fx,), and any movement between the tips greater than lOfj, was cause for the data to be rejected. At the conclusion of the electrical recordings, iodine was perfused onto the septum to selectively stain the Purkinje strands (2), and photographs were taken to document the geometry of the conduction network, as in Figure 1 .
The extracellular electrodes used in these experiments and in previous ones (2, 17) had a diameter of 50/*,. These electrodes were chosen because they were mechanically strong yet highly flexible and because they had a smooth, blunted tip that would ride on the surface of the tissue without penetrating it. Because of the blunted tip, gentle pressure on the electrode ensured that the relative position of the tissue and electrode was maintained constant. In our experience, an electrode much smaller than 50jU, (e.g., lfi) was unsatisfactory in these respects. However, the question arises as to whether the recordings would have been different with a much smaller electrode. We concluded from the following type of experiment that a smaller electrode would not have altered the results significantly.
A 50ju, electrode was lowered onto the strand until the shaft of the electrode bent slightly. A glass microelectrode with a tip diameter of lfj, was positioned close to the 50/t electrode. To ensure that the lfj, electrode tip measured potentials as close to the surface as possible without creating an alteration in the active membrane (3), the microelectrode was positioned close to the membrane and then advanced in lfj, increments until either an injury potential developed or membrane penetration occurred. The last wave form before injury or penetration was taken as the wave form at the membrane surface. Figure 2A presents a typical comparison between the wave forms from the two electrodes and illustrates that differences in shape and duration were small. The small notch in the trailing edge of the wave form recorded with the 50fj, electrode (not present in the record from the lfi electrode) is not an effect of electrode size, since such differences were frequently seen in records from the same size electrodes placed adjacent to one another.
The question arises in the simultaneous recording of intracellular and extracellular potentials as to whether the penetration of the intracellular microelectrode alters the extracellular potential. This question was repeatedly answered by making the recordings in the following way. The extracellular electrode was positioned on the tissue first followed by the intracellular microelectrode. If there was a change in the wave form of the extracellular recording as penetration was accomplished, then the recordings were rejected. The type of change most frequently observed was the appearance of an injury potential in the extracellular wave form (Fig. 2B) , an effect previously observed by Murakami et al. (3) .
THE MODEL
To compute the extracellular wave forms from the intracellular potentials, we assumed that the geometry of the strands was that of a long cylinder of radius a with an excitation wave propagating along the axis of the cylinder in direction z (Fig. 3 ). The conductivity within this cylinder is <Ti and the conductivity of the extracellular fluid is <x e . For this idealized geometry, Plonsey (14) has shown on the basis of Green's theorem that the extracellular potential, <f> e , is given by where ] m is the transmembrane current density at time instant t 0 , S o is the cylindrical surface of the strand, <f> So is the potential on surface S g at point S, and r is the distance from the point of observation on the cylinder at position z to the surface of the cylinder at S. This equation gives Photograph and histological cross section of a Purkinje strand. A: Photograph of the preparation which was obtained at the conclusion of the experiment after iodine was used to stain the Purkinje system. The final photographic prints had a resolution better than 5/*. The intracellular guarded microelectrode can be seen entering the field from above (left contributes to the extracellular potential at point z 0 . If, following Plonsey (14), we assume that the second integral is small compared with the first and can be neglected, and if in addition we assume that the membrane current is constant around each ring on the cylinder (i.e., membrane current varying only along the z-axis), then Eq. 1 becomes
where a is the polar angle around the ring of the cylinder at z'. In Eq. 2 note that position z is the location at which the extracellular potential is being computed. The variable z' denotes the position of a current element contributing to the potential at z; for each value of z, z' is varied along the entire length of the strand to sum the contributions of all the current elements. Finally, since we are interested in computing extracellular potentials on the surface of the strand, we assume that the integral involving r can be approximated as 2TT divided by the distance from the observation point to the center of the ring, at z 1 ', thus changing Eq. 2 to
This result is identical with that given by Rosenfalck (15) .
From the core conductor model, the membrane current density, /,", can be expressed as
In this equation, <j) t is the potential inside the cylinder and is assumed to vary only along the longitudinal axis z and with time t.
Combining Eqs. 3 and 4 gives z ) -dz' 2 L/WT : dz'. (5) If constant velocity, 9, is assumed, the second spatial derivative can be computed from the second temporal derivative and the conduction velocity, and the potential at point z 0 is df. Wave forms recorded with electrodes of different sizes, A: The upper wave form was recorded with a ly. tip glass microelectrode positioned within 5/i of a 50fi tungsten electrode which recorded the lower wave form. B: On the beat which occurred after the one shown in A, the In glass microelectrode tip penetrated the membrane and caused a change in the shape of both wave forms to that shown. Murakami et al. (3) have shown that an extracellular electrode can detect changes in the wave form indicating a local alteration in the active membrane which cannot be suspected from intracellular recordings. In our experiments, the 50/j. electrode served as a monitor for detecting such changes; whenever the extracellular wave form changed in shape or amplitude coincident with intracellular penetration with the glass microelectrode, no attempt was made to compare intracellular and extracellular wave forms.
wave forms, it was necessary to repeatedly evaluate the integral in Eq. 6 for different values of t. We approximated this integral numerically using values of the intracellular potential taken 25 asec apart. The numerical evaluation of Eq. 6 is hazardous because of the sensitivity of the second derivative to errors in the originally recorded intracellular wave form, the digitizing process, dZ 1
FIGURE 3
Idealized geometry of a Purkinje strand. The diagram shows the quantities used in the calculations of the extracellular wave form from the intracellular action potential. See text for discussion. and the computer processing of the data. To minimize such problems, established techniques for finding the derivatives of slightly smoothed data were used (19) . This equation gives the extracellular potential, <f> e , at one time instant, t; finding the value of (f> a for this one time involves the intracellular potentials for all times, f, both earlier and later than t. We use z 0 instead of z to indicate that normally a time sequence was calculated for only a single position.
The values of 0 were obtained using the excitation times recorded from the three extracellular electrodes. We used a ratio of intracellular to extracellular conductivity of 1 to 3 (20, 21) . The values for the radius a were estimated from the photographs made of the iodine-stained preparation at the conclusion of the experiment. Histological studies showed the strands to be elliptical in shape with the major diameter of the ellipse parallel to the endocardial surface, and although these were functionally single strands, they contained several Purkinje fibers. For the puipose of the calculations, we approximated these strands as a single cylinder with a diameter three-fourths of the overall visible diameter.
Results
NORMAL ACTION POTENTIALS
Generally the upstroke of the intracellular potential (recorded with the guarded microelectrode) was asymmetrical with a sharper corner at the top than at the foot. The accompanying extracellular potential was biphasic with the magnitude of the negative peak greater than that of the positive peak. A typical example of the wave forms associated with 12 action potentials that were analyzed is shown in Figure 4 , which also shows the
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computed second temporal derivative and the extracellular curve that was computed on the basis of Eq. 6. The second temporal derivative has been scaled to have about the same magnitude as the recorded extracellular wave form. At first glance the general shape of the computed extracellular wave form, the recorded extracellular wave form, and the wave form of the second temporal derivative of the intracellular potential seem to be about the same. However, on closer examination, both the recorded and the computed extracellular wave forms deviate significantly from the second temporal derivative of the intracellular potential in that their leading and trailing edges do not approach the base line as quickly as the second temporal derivative of the intracellular potential. It should also be pointed out that the fact that the peak amplitude of the second temporal derivative appears to be about equal to that of the measured and computed extracellular wave forms is of no significance since the second temporal derivative is arbitrarily scaled. The longer leading and trailing edges of the recorded extracellular wave forms as compared to those of the wave form of the second temporal derivative of the intracellular potential mean that currents flow in extracellular space ahead of and behind the area of membrane through which the currents enter and leave the fibers. Indeed, this feature is nicely predicted in that the computed extracellular wave form differs in a similar fashion from the second temporal derivative. In this and later figures the reasons for the small, but nevertheless obvious, differences between the computed and the recorded extracellular wave forms are that there are numerical errors in evaluating the integral in Eq. 6.
PREMATURE ACTION POTENTIALS
The preparation was stimulated at a basic rate of 1/sec, and a premature beat was initiated after every eighth beat. The stimulus interval for the premature beat was reduced progressively in decrements of 5 msec from a maximum of 400 msec to around 250 msec; 3-4 minutes were required for the whole procedure during which both intracellular and extracellular wave forms were recorded. Figure 5 shows extracellular wave forms associated with action potentials initiated at varying times after the preceding normal beat. The peak-to-peak amplitude of the extracellular wave form decreased (22) and its duration increased as action potentials were initiated at progressively earlier times in the terminal phase of repolarization of the pre-vious action potential. In all of these experiments these parameters of the extracellular wave form remained constant for action potentials initiated later than this phase, i.e., during diastole the membrane potential was constant. Figure 6 shows examples of the simultaneously recorded extracellular wave form and the intracellular wave form together with its first temporal derivative. "Vmax decreased (23) and the duration of the upstroke of the action potential increased as action potentials were initiated at less negative membrane potentials. The corresponding changes in the extracellular wave form are also shown. Figure 6A shows the relation between the peak-to-peak amplitude of the extracellular wave form and the membrane potential at which the action potential was initiated; the corresponding relationship for Vmax of the intracellular potential is shown in the lower half of A. In addition, both the duration of the extracellular wave form and the duration of the upstroke of the intracellular potential showed Extracellular excitation wave forms associated with varying degrees of prematurity. These intracellular and extracellular wave forms were recorded simultaneously at a single site on an individual Purkinje strand similar to that shown in Figure 1 .
The stimulus interval is indicated beneath each panel and the value of the intracellular potential at the time of excitation is noted in parenthesis. No particular confidence should be ascribed to the absolute value of the intracellular potential since the presence of a significant microelectrode tip potential was not investigated.
an approximately hyperbolic dependence on the membrane potential as shown in Figure  6B . The duration of both was relatively constant from approximately -90 to -80 mv but increased rapidly for less negative potentials. As can be seen in Figure 6A and B, the peak-to-peak amplitude of the extracellular potential was highly correlated with Vmax of the intracellular potential (r = 0.98, P<0.01) as were the extracellular and intracellular durations (r = 0.98, P < 0.01). Theoretical extracellular wave forms computed on the basis of Eq. 6 compared favorably with the corresponding recorded extracellular wave forms for all normal and premature action potentials (Fig. 7) . The recorded extracellular potential was not directly proportional to either the second temporal derivative or the second spatial derivative of the intracellular potential. For example, the ratio of peak-to-peak amplitudes of the recorded extracellular wave forms of the normal and premature beats shown in Figure  7 was 0.26, whereas the ratio of the peak-topeak amplitudes of the second temporal derivatives was 0.04 and of the second spatial Circulation Research, Vol. XXX, May 1972 derivatives 0.10. The computed extracellular wave forms, on the other hand, compared satisfactorily with the real ones for normal and for premature beats, not only with respect to amplitude (ratio 0.21) but with respect to the leading and trailing edges which deviated significantly in shape from the second temporal derivative of the intracellular potential.
When experiments such as these were repeated using a glass microelectrode with a 1/t tip for the extracellular measurements at the membrane, the same two major differences were noted in the recorded extracellular wave form and the wave forms of the second temporal and spatial derivatives, thus affirming our conclusion that the results were not changed appreciably by the size of the tungsten electrode.
ACTION POTENTIALS INITIATED IN HIGH EXTRACELLULAR POTASSIUM
The tip of a cannula through which the high-potassium solution was to be perfused was positioned within 5 mm of the recording site, and as soon as both the intracellular and extracellular electrodes yielded acceptable wave forms the high-potassium solution was Extracellular-intracellular relations during premature beats. A: Extracellular peak-to-peak voltage (EC P-P) and S/max of the intracellular action potential vary in the same way with the transmembrane potential. B: Duration of the extracellular wave form (EC Dur) and that of the upstroke of the intracellular action potential (IC Dur) also show a similar form as related to the membrane potential. C: Results of a single experiment which illustrates the simultaneous changes that occur at the same site extracellularly and intracellularly with a premature action potential. The membrane potential at the time of excitation for each beat is indicated under each panel. The top trace is the extracellular wave form, the middle trace is the intracellular action potential, and the bottom trace is the first derivative of the intracellular wave form. The arrows point to Vmax.
injected at a rate of 10 ml/min. A series of both extra-and intracellular potentials was recorded during the initial 3-minute period during which the conduction velocity and the amplitude of both wave forms decreased. When the membrane potential reached -50 to -60 mv, electrical activity stopped, at which point the infusion was stopped. In 3-5 minutes electrical activity resumed and the wave form returned to the control shape. The peak-topeak amplitude to the extracellular wave form, Vmax of the intracellular potential, the duration of the extracellular wave form, and the duration of the upstroke of the intracellular potential all varied with the resting potential in a similar manner to that illustrated for premature action potentials (Fig. 6 ).
ACTION POTENTIALS INITIATED AT LOW TEMPERATURES
In the range of 26° to 37°C, the resting potential usually remained unchanged (24, 25) . A YSI thermistor (diameter 1 mm, time constant 0.2 sec) was positioned on the tissue within 1 mm of the recording site. After the extracellular and intracellular potentials were recorded at 37°C, perfusate at a temperature of 20°C was infused onto the recording site. The flow of the cooled perfusate was directed across the recording point towards the thermistor. The output of the thermistor was Computed extracellular potentials for normal and premature beats. The solid lines indicate the extracellular and intracellular wave forms recorded in the experiment illustrated in Figure  6 . A: Conduction velocity was 2 m/sec. The diameter of the strand was measured to be 200^. The peak-to-peak amplitude of the second time derivative is scaled to match that of the measured extracellular wave form. B: Conduction velocity was 1.5 m/sec, strand diameter was 200fi, and the scale factor of the second derivative remains the same as in A. Calibrations for the recorded and computed extracellular wave forms and the second derivative are the same in A and B. The temperature at the time each oscillograph was obtained is indicated below each panel and the value of the resting potential is indicated in parenthesis. The calibrations for the extracellular and intracellular potentials are shown on the left and the calibration for the first derivative of the intracellular potential is shown on the right. The data in A and B were derived from the experiment in C.
displayed on the oscilloscope together with the extracellular wave form, the intracellular action potential, and the first derivative of the intracellular wave form. Usually 90 seconds were required for the temperature of the thermistor to fall from 37° to 24°C and rewarming took about 7 minutes before both temperature and recorded wave forms returned to the control state. Changes in temperature were associated with rapid changes in both intracellular (25) and extracellular wave forms.
The results of a typical experiment are shown in Figure 8 . It can be seen from Figure  8C that as temperature fell Vmax decreased and the duration of the upstroke of the intracellular potential increased. Similarly, the associated extracellular wave form decreased in peak-to-peak amplitude and increased in duration. The ratio of Vmax at 37°C to that at 27°C was 1.9 ±0.1, a Q 10 in the range previously reported for dog (24) and sheep (25) Purkinje fibers.
As shown in Figure 8A both Vmax of the intracellular potential and the peak-to-peak amplitude of the extracellular wave form were proportional to temperature from 26-37°C.The peak-to-peak amplitude of the extracellular wave form was highly correlated with Vmax (r = 0.97, P <0.01). Figure 8B shows that the duration of the extracellular wave form and that of the upstroke of the intracellular action potential varied as the reciprocal of temperature. These results are consistent with those of Trautwein et al. (24) , which showed that the duration of the upstroke of the intracellular potential was a hyperbolic function of temperature. The duration of the extracellular potential was consistently greater than that of the upstroke of the intracellular potential and the two were highly correlated (r = 0.98, P<0.01).
The extracellular wave forms computed on the basis of Eq. 6 showed good agreement with the recorded wave forms at different temperatures between 36° and 27°C as shown in Figure 9 . Again the computed extracellular wave forms agreed more closely with the recorded extracellular wave forms than did the wave forms of the second temporal derivative, both with respect to magnitude and in the leading and trailing edges. The second temporal derivative decreased more with a decrease in conduction velocity than did the computed or recorded extracellular potentials. The peak-to-peak value of the extracellular recorded wave form decreased to 90% of the original value at 36°C when the temperature was reduced to 32°C and then to 81% of the original value when the temperature was further reduced to 27°C. The corresponding peak-to-peak values of the second temporal derivative fell to 37% at 32°C and to 12% at 27°C. Computed extracellular potentials for different temperatures. The solid lines indicate the recorded extracellular and intracellular wave forms from the experiments shown in Figure 8 . The diameter of the strand teas measured to be 225/i. The conduction velocity in A for 36°C was 2.0 m/sec; in B for 32°C it was 1.51 m/sec, and in C for 27°C it was 1.16 mjsec. All scales are the same from panel to panel.
Inspection of Eq. 6 shows that the ratio of the intracellular and extracellular conductivities enters into the calculations of the extracellular potential. Coraboeuf and Weidmann (25) demonstrated that the resistivity of the cytoplasm of sheep and calf Purkinje strands increased on cooling (Q 10 of 1.5). This change in cytoplasmic resistance results in a A. 
2.0
Spatial distributions of the upstroke of the intracellular potential and their associated second spatial derivatives at different temperatures. The spatial distributions of the upstroke of the intracellular action potentials shown in B were computed by assuming a constant conduction velocity and using values of the potential measured every 20 iisec (distance = velocity X time). The wave form shown for each second spatial derivative in A was computed from the intracellular action potential at the same temperature (Fig. 9 ). The slight increase in the overshoot at 32"C is consistent with the results of Coraboeuf and Weidmann (25) . change in membrane current density, as can be seen from Eq. 4. If the resistivity of extracellular fluid showed no change with reduced temperature, the effect of the change in cytoplasmic resistivity would be to reduce the extracellular potential. However, an estimate of the conductivity for salt solution shows a change of about 25% over 10° C in this temperature range (26) . Consequently, the ratio of the intracellular and extracellular conductivities remains approximately unchanged.
The wavelength of the upstroke of the intracellular potential was constant for temperatures varying between 27° and 36°C (wavelength was computed as the duration of the upstroke times the conduction velocity), a finding similar to that of Trautwein et al. (24) . This is illustrated in Figure 10 where the action potentials of Figure 9 at different temperatures are replotted as a function of distance, using the measured value of the conduction velocity. Although the overall wavelength of the action potential is the same for each, there are subtle changes in shape of the depolarization phase with changes in temperature which are reflected in relatively dramatic changes in the second spatial derivative. The peak-to-peak values of the second spatial derivative decreased to 65$ of the original value at 36°C when the temperature was reduced at 32°C and then to 38% when the temperature was further reduced to 27°C.
Although the changes in shape of the second spatial derivative are reflected in changes in shape of the recorded extracellular wave form, the changes in the peak-to-peak values are not proportional. This lack of proportionality is nicely predicted by Eq. 5. Indeed, the computed extracellular wave forms do not show this discrepancy.
Discussion
The present results show that the wave form of the extracellular potential can be satisfactorily predicted from that of the intracellular potential. In no case did we find the extracellular wave form to be similar in shape to the first temporal derivative of the intracellular action potential as advocated by Omura (27) . It has been suggested (9) or implied in the form of an unstated hypothesis (6, 17) that the extracellular potential is directly proportional to the second temporal derivative of the intracellular potential. That the extracellular wave form is closely related to the second temporal derivative or the second spatial derivative of the intracellular wave form is a consequence of the second spatial derivative being proportional to the membrane current (16) . However, because of the effects of the volume conductor surrounding the fiber, extracellular current follows a complicated pattern even at the membrane surface with the result that, in general, the extracellular potential immediately outside the fiber is not proportional to the second spatial derivative of the intracellular potential (28) . It is not that the difference between the two is zero in the limit; on the contrary, the two can differ by any arbitrary amount and the difference can be caused by membrane current originating beyond any arbitrary distance from the point of observation. This is true because of the 1/r type of dependence of the integrand. That is to say, the denominator under the integral in Eq. 5 or 6 influences the way the second derivatives affect the extracellular potentials, so that the extracellular potential at a point is influenced by membrane currents up and down the fiber as well as those immediately beneath the electrode. In practice, the wave form of the extracellular potential differs from the second derivative in time or space in two ways. The leading and trailing edges of the extracellular wave form are more spread out than those of the wave form of the second derivatives and changes in the peak-to-peak amplitude of the extracellular potential with alterations in shape of the intracellular potential are not proportional to the concomitant changes in the peak-to-peak amplitude of the second derivatives.
In our view, extracellular recordings provide the only feasible way to resolve our original question: are arrhythmias due to reentry or to repetitive firing? All the neces-sary information concerning propagation is to be found, freely accessible, in extracellular space.
